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Key Message 
 Pest populations at climate change conditions can reach higher densities than forecasted 
according to its demographic parameters. 
 Natural pest regulation provided by natural enemies depends on environmental 
conditions, is species-specific and is affected by interspecific interactions. Local 
extinctions may occur more frequently in a warmer future. 
 Spider mite natural regulation can be seriously disrupted in a climate change scenario.  





    
Abstract 
Climate change can dramatically affect the food web configuration of arthropod communities 
through its effects on species interactions. We have studied whether these effects could alter the 
probability of local extinction of three predatory mites naturally associated with the two spotted 
spider mite, Tetranychus urticae, in citrus in Spain and, therefore, disrupt the biological control of 
this phytophagous mite. Laboratory and semi-field results provide evidence that the natural 
regulation of T. urticae in citrus can be seriously disrupted in a warmer future. On the one hand, T. 
urticae populations at conditions representative of future hotter and drier summers, could reach 
higher population densities than forecasted according to its demographic parameters. On the other 
hand, T. urticae regulation provided by its predators depended on the environmental conditions, 
was species-specific and was affected by interspecific interactions. In some cases, one of the 
predatory mite species in the system could not be recovered. Because there is evidence that the 
composition of the community under scrutiny is highly sensitive to local habitat conditions, our 
results can be taken as evidence that local extinctions may occur more frequently in a warmer 
future and further contribute to an increasingly higher frequency of T. urticae outbreaks.  
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Introduction 
Most climate change scenarios predict increases in mean temperatures and a rising frequency of 
extreme weather phenomena (IPCC, 2014). In agricultural systems, these events are often 
followed by herbivore pest outbreaks, which may be mediated through the impact on their 
natural enemies (Stireman et al. 2005; Hance et al. 2007; Thomson et al. 2010; Gillespie et al. 
2012; Cock et al. 2013; Evans et al. 2013; Jeffs and Lewis 2013). This is the case of spider 
mites (Prostigmata: Tetranychidae), where outbreaks can follow droughts (English-Loeb 1990) 
and heat-waves (Montserrat et al. 2013). In general, spider mites are considered to be less heat-
sensitive than their natural enemies, mostly predatory mites of the Phytoseiidae family, and 
these outbreaks can be partly attributed to the relative effects of extreme temperatures on the 
performance of spider mites and phytoseiids (Ali 1998; Roy et al. 2003; Gotoh et al. 2004), 
either directly or indirectly (Stavrinides et al. 2010). However, these effects are complex. To 
fully understand the possible consequences of climate change on agricultural systems, rather 
than setting the focus on the direct effects on individual species, the focus should be set on the 
effects on dispersal and the interactions between species. Indeed, these factors can dramatically 
alter individual fitness, geographic ranges, and the structure and dynamics of the communities 
where they occur (Davis et al. 1998; Gilman et al. 2010). Interestingly, though, most models of 
climate change effects on species ignore these interactions (Tylianakis et al. 2008; Blois et al. 
2013; Urban et al. 2016). 
The Mediterranean basin is considered as one of the most vulnerable areas to climate change 
(IPCC 2014). In this region, temperature increases between 1.5 and 2.0ºC in winter and 
summer, respectively and 5-15% lower relative humidity values coupled with a 5% decrease in 
rainfall are forecasted for the mid-XXI century (Diffenbaugh et al. 2007; Giorgi and Lionello 
2008; Gualdi et al. 2012; Navarra and Tubiana 2013; Jacob et al. 2014). These adverse climatic 
conditions combined with low water availability and an increasingly deteriorating quality of 
groundwater (Paranychianakis and Chartzoulakis 2005), make Mediterranean agriculture 
especially susceptible to climate change. An important crop in this region is citrus (FAO 2017). 
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Although there is abundant literature on the effects of climate change, especially drought stress, 
on the physiology of this crop (Anderson et al. 2004; Rodríguez-Gamir et al. 2010; García-
Tejero et al. 2012), there is a lack of information on its effects on the arthropod communities 
inhabiting this agroecosystem (e.g., Aurambout et al., 2009; Narouei-Khandan et al., 2016). The 
guild of phytoseiid mites (Mesostigmata: Phytoseiidae) preying on Tetranychus urticae Koch 
(Prostigmata: Tetranychidae) (Abad-Moyano et al. 2009; Aguilar-Fenollosa et al. 2011b), a 
cosmopolitan pest of many crops (Helle and Sabelis 1985), which is a key pest of clementine 
mandarins, Citrus clementina Tanaka (Rutaceae), in the Mediterranean basin (Martínez-Ferrer 
et al. 2006; Aguilar-Fenollosa et al. 2011c; Pascual-Ruiz et al. 2014), is one of these 
communities. It consists of up to six phytoseiid species in commercial orchards of the Region of 
Valencia (Aguilar-Fenollosa et al. 2011b). These predators have different diet specializations 
(McMurtry and Croft 1997; McMurtry et al. 2013), ranging from specialized predators of 
Tetranychus spp. (e.g., Phytoseiulus persimilis Athias-Henriot), to extreme diet generalists, 
omnivores feeding on both animal and plant derived food (e.g., Euseius stipulatus (Athias-
Henriot)), with intermediate diet specializations (e.g., Neoseiulus californicus (McGregor), 
which feeds on tetranychid mites). The conservation of this diversity is considered key for the 
management of T. urticae in clementines (Aguilar-Fenollosa et al., 2011b). On the one hand, E. 
stipulatus is the most abundant phytoseiid species in Spanish citrus orchards irrespective of the 
citrus cultivar and management practices used (Abad-Moyano et al. 2009a; Aguilar-Fenollosa et 
al. 2011a; Vela et al., 2017). This numerical superiority makes it and an important predator of T. 
urticae. However, it is not the most effective one. A study of gut content analysis using 
molecular techniques, showed that this role was played by P. persimilis, which preyed on 
tetranychids almost five times more frequently than E. stipulatus (Pérez-Sayas et al., 2015). 
This specialist though, same as N. californicus, hardly represents 10% of total phytoseiid 
records in these orchards. The relevance of these two predators has been related to their ability 
to enter into the web colonies (Sabelis and Bakker, 1992; Montserrat et al., 2008). This complex 
situation and the fact that Abad-Moyano et al., (2010b) suggested the occurrence of lethal and 
non-lethal intraguild interactions between E. stipulatus and P. persimilis and between E. 
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stipulatus and N. californicus, respectively, make this community (T. urticae and the three 
phytoseiids) a suitable model to investigate how species interactions may alter the probability of 
local extinction in a climate change scenario and how these processes may affect the future 
natural regulation of a herbivore pest species. To achieve this goal, a semi-field assay including 
different community modules was run at hotter and drier spring and summer conditions 
representative of future climate change in the Mediterranean basin (Diffenbaugh et al. 2007; 
Giorgi and Lionello 2008; Gualdi et al. 2012; Navarra and Tubiana 2013; Jacob et al. 2014). 
Some demographic parameters of T. urticae were also determined under similar conditions in 
the laboratory.  
Material and Methods 
Plant material  
Two-year-old clementine plants (C. clementina cv. Clementina de Nules grafted on citrange 
Carrizo) were used as experimental units in the semi-field experiment and as a source of leaves 
for laboratory assays. Fifty days before the beginning of each assay, 100 plants were defoliated 
and kept in a greenhouse at Universitat Jaume I (UTM: 39°59'10.883"N 0°3'4.769"W) set at 22 
± 2ºC, 55 ± 10% relative humidity and natural photoperiod. These plants were grown on 
vermiculite and peat (1:3; vol:vol) in 320 ml pots, were fertilized twice per week using a 
modified Hoagland's solution (Bañuls et al. 1997), and received no pesticide treatments. Bean 
leaves (Phaseolus vulgaris L. (Fabaceae)), lemon fruits (Citrus lemon Burm. f. (Rutaceae)) and 
Carpobrotus edulis (L.) (Aizoaceae) pollen (dried at 37ºC, sieved, and frozen until use) 
obtained from pesticide-free plants were used to maintain mite stock colonies (see below). 
Mite stock colonies 
Four different mite species were used in our studies: the two-spotted spider mite T. urticae, and 
the phytoseiids E. stipulatus, N. californicus, and P. persimilis. These colonies were maintained 
in separate climatic chambers set at 25 ± 1ºC, 65 ± 5% relative humidity and a 16-hour light 
photoperiod.  
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Spider mites were originally collected in a Clementina de Nules orchard at Les Alqueries 
(UTM: 39°59'15.1"N 0°3'02.0"W) in 2010. This colony has been maintained ever since using 
standard procedures on detached leaves of clementine mandarins (Aguilar-Fenollosa et al. 2012) 
and, in some cases (see below), on pesticide-free lemon fruits (Abad-Moyano et al. 2010a). 
When spider mites were used to either feed the phytoseiid stock colonies or to start new cohorts 
for laboratory assays, bean leaflets were used. When used to feed phytoseiids, leaflets were 
infested by exposure to lemon fruit colonies. Cohorts were established by transferring 100 
females to new rearing arenas on clementine leaves. Females were removed 1 day later and less 
than 24-h old eggs were further used in the assays. 
Individuals of N. californicus were obtained from Koppert Biological Systems (SPICAL®) to 
initiate a laboratory colony. In contrast, P. persimilis and E. stipulatus were originally collected 
in 2012 in two clementine orchards in Les Alqueries (same location as T. urticae) and Montcada 
(UTM: 39° 32' 42.906" N 0° 23' 45.699" W), respectively. Phytoseiid stock colonies were 
maintained on detached leaf arenas using standard procedures (Pina et al. 2012). These arenas 
consisted of single bean leaflets placed upside down on moistened filter paper placed on top of a 
water saturated foam cube (3–4 cm thick) in an open plastic box half-filled with water. Colonies 
received detached bean leaves infested with T. urticae and C. edulis pollen as food.  
Semi-field assay 
Two experiments were carried out in spring (7 to 31 May) and summer (5 to 28 July) 2016 in a 
plot located in a commercial clementine orchard at Les Alqueries. Two lines of 12 trees each 
(N-S orientation) had been previously removed and replaced by 24 mesh cages (3  3  3 m) 
with a zipped door (1.5 m high) on one of their sides. Our intention was that by using these 
cages, environmental conditions inside the cage would match temperature and RH expected 
conditions representative of future climate change in the Mediterranean basin (Diffenbaugh et 
al. 2007; Giorgi and Lionello 2008; Gualdi et al. 2012; Navarra and Tubiana 2013; Jacob et al. 
2014). Thirteen of these cages were randomly selected and used for different treatments (see 
below). Each cage received five potted clementine plants (i.e, five replicates per treatment) 
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regularly distributed within the cage without touching each other and the cage. To further 
prevent ambulatory mite movement between plants, the pots were set on top of a 9 cm diameter 
Petri dish placed in a round plate (16.5 cm in diameter) filled with water. Moreover, permanent 
glue (Tree Tanglefoot®; Grand Rapids, MI, USA) was applied at the base of the trunk and 
renewed twice per week. Plants were drip irrigated and the soil was kept weed-free. Four data 
loggers (model TESTO
®
 175-H, Madrid, Spain) were used to register hourly temperature and 
relative humidity at a height of 1.5 m above the ground inside and outside the cages.  
At the beginning of the assay, each plant received 10 T. urticae adult females from the 
clementine stock colony. Each individual was transferred to a different leaf using a fine brush. 
One week later, the phytoseiids were released in different combinations corresponding to three 
different community modules (= treatments). One cage constituted the control and the five 
replicates within that cage received no phytoseiids. The other 12 treatments consisted of (a) the 
release of only one species of phytoseiid (trophic chain community module; three cages, one for 
each phytoseiid species), (b) the simultaneous release of two species (competition community 
module; three cages, one for each two-phytoseiid species combination), and (c) the sequential 
release in a 1-week interval of two phytoseiid species (sequential release, six cages, one for each 
two-phytoseiid species sequence). The release rate for all phytoseiids was 10 adult females per 
plant. These corresponded to 10 individuals of the same species for the trophic chain, and five 
mites of each species for the competition and the sequential release modules. Experiments were 
discontinued as soon as plants in the control treatment collapsed about eight weeks after the 
initial release of T. urticae. 
Starting one week after the release of T. urticae, when first symptoms (chlorotic spots on 
leaves) were observed and prior to the release of phytoseiids, and then twice per week, T. 
urticae density was assessed on every plant. The numbers of (a) symptomatic leaves per plant 
and (b) females on up to eight of these leaves randomly selected without removing them from 
the plant (Agut et al. 2016) were counted. By multiplying both figures, an estimation of T. 
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urticae population per plant (i.e., density) was obtained. Additionally, as a measure of damage, 







Where ∑ is summation over all sampling dates; ∆t is the interval between two successive 
sampling dates (3-4 days); and X1 and X2 are T. urticae densities on those consecutive dates. At 
the end of the assay, to assess phytoseiid abundance and diversity, 25 leaves were randomly 
collected from trees in the same treatment. They were transported to the laboratory in a plastic 
bag in a cooler for mite extraction using Berlese funnels. Extracted arthropods were preserved 
in 70% ethanol and adult phytoseiids further processed for microscope observation in Hoyer's 
medium (Gutiérrez, 1985) and identification to species level following Ferragut et al. (2010). 
Immature forms of N. californicus and E. stipulatus in treatments where these two species had 
been released together could not be distinguished from each other. In the case of P. persimilis, 
because of the characteristic orange color of motiles, all forms, adult and immature, could be 
satisfactorily identified at species level.   
Tetranychus urticae densities were analyzed using a generalized linear mixed model (GLMM) 
with a normal distribution of error and identity link function, with ‘season’ (spring and summer 
conditions of climate change in the Mediterranean) and ‘treatment’ (control, trophic chain, 
competition and sequential release) as fixed factors and ‘time’ (sampling date) as a random 
factor. Time was expressed as degree-days (DD) since initial T. urticae infestation using daily 
mean temperatures and a lower development threshold of 10.45ºC according to Bounfour and 
Tanigoshi (2001). As our main goal was to identify possible seasonal differences (spring versus 
summer climate change conditions), we started the analysis of T. urticae densities by 
considering the main effect of the ‘season’ factor, as well as the interaction between ‘season’ 
and ‘treatment’. Once the significance of the interaction between these two factors was verified, 
we continued the study of T. urticae density for each season separately. Akaike information 
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criterion (AIC) (Akaike 1974) was used to select the best model. When necessary, pairwise 
comparisons were made using the Bonferroni post-hoc test (P < 0.05). 
Finally, we compared CMD and the variation of this parameter relative to control for every 
treatment at the end of the assay using a Generalized Linear Model (GLM), with a normal 
distribution of the error and identity link function (i.e, linear regression). When significant 
differences were found, we used Bonferroni post-hoc test (P < 0.05) for mean separation. 
Additionally, differences between seasonal values of CMD and their variation (difference 
between spring and summer climate change conditions) were analyzed using Student t-test (P < 
0.05). 
Laboratory assay 
The intrinsic rate of increase (rm) of T. urticae on clementine leaves was determined at 25ºC and 
70% RH (as a proxy of conditions in our hotter and drier spring experiment), and 30ºC and 50% 
RH (as a proxy of conditions in our hotter and drier summer experiment). Less than 24-h old 
adult females obtained from a cohort were individually transferred to arenas consisting of a 5 
cm diameter dish, with a 3 cm diameter hole in the cover. The base of the dish was filled with 
bacteriological agar (2.5% weight) to maintain the turgor of the leaves. As soon as agar was 
cold and solid enough, a fully expanded clementine leaf was placed upside down on top of the 
agar. The cover was subsequently put in place in such a way that the leaf substrate formed a 3 
cm in diameter exposed area. To prevent T. urticae escape from the experimental arena, 
permanent glue (Tree Tanglefoot
®
; Grand Rapids, MI, USA) was applied along the rim of the 
arena. Finally, the dishes were sealed with Parafilm
®
 (Pechiney Plastic Packaging, Menasha, 
WI, USA). Thirty arenas per environmental condition were assembled and a male was 
subsequently added to ensure mating. Males dying during the first 4 days were replaced. 
Oviposition and survival were scored daily until the female died. Non-ovipositing females and 
those escaping from the arenas were not considered for analyses. Egg hatching, immature 
survival, developmental time and sex ratio were assessed on 30 additional arenas per 
environmental condition. In this case, one egg less than 24 h-old was introduced into the setup. 
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Arenas were checked daily using a binocular microscope for hatching, molting and survival 
until the immature stages reached adulthood. With these data different demographic parameters, 
including egg hatching, immature survival, development time, sex ratio, and intrinsic rate of 
increase, were calculated. The rm was calculated according to Birch (1948) and the Jackknife 
procedure was used to estimate the standard error of rm values. Subsequently, rm values were 
compared using a t-test (Maia et al. 2000). In order to facilitate comparison of the results 
obtained at the two environmental conditions considered, parameters depending on time (e.g., 
development time, rm) were calculated with time expressed as days and degree-days (DD) as 
before.  




Daily mean temperatures inside the cages were 26.2 and 31.9ºC during the spring and summer 
assays, respectively. These temperatures were on average 4ºC higher than outside (Figure 1). 
Mean RH values within the cages were 64.7 and 45.2% in spring and summer, respectively and 
these values were on average 8 and 18% lower than outside the cages. At these conditions, 
control plants collapsed because of T. urticae damage nine and seven weeks after the initial 
infestation in spring and summer climate change conditions, respectively. 
The results of the identification of the phytoseiid species found at the end of the assays are 
shown in Table 1. As expected, we did not find any alien phytoseiid in our treatments and the 
numbers of specimens recovered in summer were in general higher than in spring. We 
recovered a minimum of 3 and a maximum of 13 individuals per treatment in the trophic chain 
module, which corresponded to E. stipulatus and P. persimilis, respectively, in summer. In the 
case of competition, no specimens of N. californicus were recovered in spring irrespective of the 
combination considered. The same happened to this species and E. stipulatus when competing 
with each other in summer. P. persimilis was always the most abundant species. When 
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phytoseiids were sequentially released in spring, E. stipulatus and N. californicus could hardly 
be recovered. In these cases, less than two immature specimens were found. Same as in the 
competition module, P. persimilis was always the most abundant species. As a consequence, 
when looking at the grand totals recovered each season, P. permimilis was the most abundant 
species, regardless of being introduced first, second, or simultaneously with another predatory 
mite in the system. 
The density of T. urticae along time was significantly affected by the factors ‘season’ and 
‘treatment’ and their interaction (Table 2). Therefore, data were further analyzed separately for 
each season. Significant differences were observed for all treatments (Table 3 and 4) and the 
same occurred when we compared CMD values at the end of the assays (Table 5). Interestingly, 
for the same DD values, T. urticae densities observed in the control in summer were higher than 
in spring (Figure 2). Actually, T. urticae density in control reached 500 mites per plant at the 
end of the spring assay, when almost 500 DD had been accumulated, whereas the same density 
was reached at around 400 DD in summer. As a consequence, CMD values in the control at the 
end of the assay in summer were higher than in spring (Table 5).  
The dynamics of T. urticae for the same treatment did not follow the same patterns in spring and 
summer (Figure 2). When singly released in the trophic chain module, all three phytoseiids 
affected T. urticae dynamics in spring, with E. stipulatus resulting in significantly different 
dynamics from those observed where N. californicus and P. persimilis were released (Figure 2a). 
These differences, though, did not affect mite damage, measured as CMD (Table 5), but resulted 
in E. stipulatus being more effective at reducing T. urticae densities than the other two species 
(Table 5). Remarkably, the dynamics of the herbivore were not significantly affected by the 
release of E. stipulatus in summer (Figure 2b). Therefore, plants where this phytoseiid was 
released showed the same level of damage as control (Table 5) and efficacy of E. stipulatus at 
summer climate change conditions was nil. On the contrary, same as in spring, the other two 
phytoseiid species significantly decreased the densities of the herbivore in a similar manner 
(Figure 2b), resulting in lower damage (Table 5), and similar efficacies. To sum up, hotter and 
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drier summer conditions representative of future climate change in the Mediterranean 
significantly reduced the efficacy of E. stipulatus, whereas they enhanced the performance of the 
other two phytoseiids.  
When two phytoseiid species were simultaneously released in the competition module, 
differences between spring and summer dynamics were also observed. All combinations 
resulted in dynamics different from control in spring (Figure 2c). However, the combination 
including E. stipulatus and N. californicus did not differ from control in summer (Figure 2d). 
When these dynamics were translated into damage, the combination P. persimilis and E. 
stipulatus resulted in lowest damage values and highest efficacies both in spring and summer 
(Table 5). Interestingly, this combination in spring was the only case where the joint release 
resulted in higher efficacies than those corresponding to the same species separately (Table 6). 
Therefore, competition at summer hotter and drier conditions representative of future climate 
change significantly decreased the efficacy of phytoseiids, especially in those combinations 
where N. californicus was present (Table 5). Remarkably, this species was recovered only once 
in these treatments at the end of the assay (Table 1), whereas the number of specimens of P. 
persimilis recovered was similar irrespective of being released alone or together with another 
phytoseiid, in spite that the initial number of P. persimilis females when this species was 
released with another phytoseiid was half than when released alone.    
The effects of the season on the dynamics of T. urticae when two phytoseiid species were 
released sequentially depended on the identity of the pair (Figure 2e-j). Only the combinations 
not including P. persimilis resulted in different dynamics in spring and summer climate change 
conditions and the release sequence was significant in summer only (Figure 2e and 2f). 
Moreover, in combinations including P. persimilis (Figures 2g-j) the sequence was irrelevant 
when released with N. californicus (Figure 2g and h). However, when P. persimilis was released 
with E. stipulatus (Figures 2i and j), the release of P. persimilis first consistently resulted in 
lower densities of T. urticae. In all cases these releases decreased the CMD at the end of the 
assays (Table 5), resulting in efficacies ranging from 10 to 90%. Lowest efficacies corresponded 
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the sequence N. californicus and E. stipulatus. The extremely low numbers of both predatory 
mite species recovered in spring at the end of the assay, just two immature stages (Table 1), may 
be related to this low efficacy. However, in summer E. stipulatus was five times more abundant 
than N. californicus and yet, efficacy was low.  
The sequential release treatments allowed us to compare the effect of phytoseiid initial density 
on T. urticae dynamics during both seasons. Five and 10 females were initially released in the 
sequential release and the trophic chain treatments, respectively. Therefore, relatively higher 
initial efficacies were expected in the trophic chain module. In spring, at 233 DD (equivalent to 
115 DD after the initial release of the phytoseiids), lower densities of T. urticae relative to 
control were observed (Table 6). However, only for E. stipulatus, the decrease achieved by the 
release of 10 individuals was higher than when releasing five. For the other two species, the 
same reduction was obtained irrespective of the release dose. In summer, though, the situation 
was much more variable. At 227 DD (63 DD after the release), lower densities relative to 
control were observed for all phytoseiids. However, at that date, the release of five predators 
resulted in higher reductions than 10. Just before the release of the second predator in the 
sequential release treatments (at 312 DD), as expected, lower densities of T. urticae were 
observed with the initial release of 10 predators (trophic chain treatments), except for E. 
stipulatus. In this case, efficacies were much lower than for the other phytoseiids and the release 
of 10 predators did not reduce T. urticae densities.  
Laboratory assays 
The durations in days of preoviposition, oviposition, and lifespan periods, and development 
time were longer at conditions representative of future hotter and drier spring than summer, 
whereas the postoviposition period was shorter. However, when these parameters were 
expressed in DD, there were no differences except for development time, which was still longer 
at spring climate change conditions (Table 7). No differences between conditions were observed 
for immature survival and sex ratio. However, fecundity was higher at spring conditions, same 
as oviposition rate and egg hatching at summer climate change conditions (Table 8). When 
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these values were combined to calculate net fecundity, generation time and rm, differences 
appeared when the last two parameters were referred to days. However, they disappeared for rm 
when time was expressed as DD (Table 9).  
Discussion 
The main objective of this study was to investigate how species interactions could alter the 
probability of local extinction in a climate change scenario and how these processes could affect 
the future natural regulation of T. urticae. As expected, the environmental conditions achieved 
during our assays inside the meshed cages fell within the 1.9-5.4ºC higher mean temperature 
(Jacob et al. 2014) and 5-15% lower relative humidity (Diffenbaugh et al. 2007) predicted for 
the Mediterranean Basin for the period 2071-2100. Therefore, the spring and summer conditions 
during our assays inside the cages can be considered as representative of the predicted climate 
change scenario. Under these conditions, our results provide evidence that the natural regulation 
of T. urticae can be seriously disrupted. On the one hand, disproportionate population increases 
of T. urticae during the summer (see control curves in Figure 2) cannot be explained through the 
direct effects of temperature on spider mites (Table 9) and they are most probably mediated 
through the impact of climate change on the host plant. On the other hand, T. urticae regulation 
provided by its predators depends on environmental conditions (i.e., the season), is species-
specific, and is affected by interspecific interactions. In some cases, the result of these 
interactions was the disappearance of one of the predators from the system (Table 1). Because 
there is evidence that the composition of the phytoseiid community under scrutiny is highly 
sensitive to local habitat conditions (Aguilar-Fenollosa et al. 2011a), our results can be taken as 
evidence that local extinctions may occur more frequently in future warmer seasons and further 
contribute to T. urticae outbreaks.  
Although highly controversial (Koricheva et al., 1998; Larsson, 1989; Galway et al., 2003; 
White, 2009), the Plant Stress Hypothesis predicts that abiotic stress increases the suitability of 
plants as food for herbivores (White, 1969; 1993). This effect has been related to an increase of 
the nutritional quality of stressed plants (White 1984; Inbar et al. 2001) and a change in the 
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production of secondary metabolites and defensive proteins (Cornelissen et al. 2008). Plant 
leaves usually accumulate proline in response to environmental stresses (i.e., heat, drought) to 
regulate the osmotic potential. Indeed, heat tolerant plants, including citrange Carrizo, which is 
the rootstock used in our assays, accumulate higher amounts of this amino acid when exposed to 
thermal stress (Zandalinas et al. 2016). Interestingly, Ximénez-Embún et al. (2016) 
demonstrated the stimulating effect of this non-essential amino acid on feeding and egg-laying 
of Tetranychus evansi Baker & Pritchard (Prostigmata: Tetranychidae), a close relative of T. 
urticae, when added to tomato leaf disks. Should this effect occur in T. urticae, it could partly 
explain the higher than expected densities observed during the summer semi-field assay. 
Moreover, the salicylic acid defense pathway, which is involved in plant thermotolerance 
mechanisms (Larkindale and Huang 2005; Wang and Li 2006; Clarke et al. 2009), is induced by 
high temperatures in citrus (Zandalinas et al. 2016). This defense pathway often has a negative 
cross-talk with the jasmonic acid (JA) pathway (Pieterse et al. 2009), which is the key pathway 
in the defensive response of citrus to T. urticae (Agut et al. 2015). Therefore, both effects 
(proline accumulation in leaves and down-regulation of the JA pathway) provide a plausible 
explanation for the unexpected higher densities of T. urticae observed under summer 
conditions. Moreover, the stimulating effect of fluctuating temperatures (i.e., semi-field trial) 
relative to constant temperatures (i.e., laboratory assays) on the demographic parameters of T. 
urticae (Vangansbeke et al. 2013, 2015; Bayu et al. 2017) should not be neglected. These 
bottom-up effects alone could result in mite outbreaks in a warmer future. However, top-down 
effects are also at play. 
In general, we observed a better natural regulation of T. urticae in spring than in summer 
climate change conditions (Figure 2). Although the average reductions in T. urticae populations 
observed in spring and summer were similar (55.9 ± 4.9 versus 59.7 ± 5.1%, respectively), 
differences between treatments were larger in summer (ranging from 0 to 97.6% for E. 
stipulatus and P. persimilis, respectively), than in spring (ranging from 16.3 to 77.1% for the 
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sequential release of N. californicus plus E. stipulatus and P. persimilis plus E. stipulatus, 
respectively).  
The three phytoseiid species under scrutiny provided a similar level of control when released 
singly in spring. However, E. stipulatus provided no control at climate change summer 
conditions, while the other two species were even more effective than in spring (Fig. 2a and 2b). 
This result may be partly explained by the low numbers of E. stipulatus recovered at the end of 
the summer assay (Table 1), which may be indicative of direct harmful effects of hotter and drier 
summer climate change conditions on the physiology and/or the behavioral responses of this 
predator. These altered behaviors could include increased intraspecific competition and 
cannibalism but also increased dispersal when seeking for shelter to avoid heat, a costly behavior 
in terms of lost foraging and reproduction opportunities (Gillespie et al. 2012). Grafton-Cardwell 
et al. (1997) also recognized E. stipulatus to significantly reduce T. urticae populations in 2-year-
old orange trees in a semi-field experiment in spring. Conversely, during the summer both N. 
californicus (Palevsky et al., 2008; Walzer et al., 2007) and P. persimilis (Schausberger and 
Walzer 2001) alone have been considered as better suited for immediate suppression of local 
spider mite populations under glasshouse cropping conditions. Because E. stipulatus is the most 
abundant phytoseiid species in Valencian clementine orchards (Abad-Moyano et al. 2009; 
Aguilar-Fenollosa et al. 2011b) one might consequently expect T. urticae problems to worsen 
with future warmer and drier summers. However, as under these conditions P. persimilis appears 
the most abundant species (Table 1) and this phytoseiid is considered as the most efficient 
predator of T. urticae in clementines (Pérez-Sayas et al. 2015) the situation could be reverted. 
Notwithstanding, as N. californicus also endured these conditions, increased lethal and non-lethal 
intraspecific interactions between these two phytoseiids resulting in a deficient regulation of T. 
urticae populations may be anticipated. Indeed, a less efficient regulation of T. urticae was 
observed for this phytoseiid combination in the competition module in summer (Fig. 2d; 16.3 
versus 43.6% decrease in CMD in summer and spring, respectively) in spite that the number of 
specimens of both species recovered at the end of the assay were higher than in spring (Table 1).  
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When further looking at the results of the simultaneous release in pairs of the three phytoseiids, 
the combination of P. persimilis and E. stipulatus was the only one that did not lose efficacy in 
summer compared to spring. Intriguingly, the numbers of P. persimilis at the end of the assay 
were similar independently of the phytoseiid species it had been released with (Table 1). Because 
the original populations of P. persimilis and E. stipulatus used in our assays were collected in the 
vicinity of the site where our assays took place, whereas the origin of N. californicus remains 
ignored (i.e., it was a commercial strain), we hypothesize that the former two local strains were 
adapted to coexist and endure present climatic fluctuations at the site where our assays took place 
(Aguilar Fenollosa and Jacas 2014). In fact, the two competition treatments where N. californicus 
was released resulted in efficacies below 21% in summer (Table 4; Figure 2d) and the 
disappearance of both predators when released with E. stipulatus (Table 1). These results may be 
indicative that contrary to the results of Abad-Moyano et al. (2009), where E. stipulatus was 
pointed out as the most aggressive phytoseiid of the three included in this study, under climatic 
change conditions this hierarchy may change. Such a change has been described for aphid 
predators (Barton and Ives 2014) and fish communities (Matthews and Wong 2015; Kerry and 
Bellwood 2016). 
In the case of sequential releases, natural regulation was remarkably impaired when N. 
californicus was first released and followed by E. stipulatus, especially in summer (Fig. 2e and 
2f). However, for the remaining combinations sequential releases resulted in a better regulation 
of T. urticae populations than the simultaneous release of the two species (Fig. 2). Besides, in 
summer, at least one specimen per species was found at the end of the assay in all six 
combinations considered, whereas in summer no specimens of N. californicus and E. stipulatus 
were found when these species were simultaneously released in the competition module (Table 
1). The week elapsed between the release of the first and the second phytoseiid when 
sequentially released most likely allowed the first predator in the system to oviposit and produce 
some immature motile stages free of the negative interactions between adult heterospecific 
females (competition, intraguild predation). This was also the case for N. californicus and E. 
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stipulatus. However, in this case, only one adult specimen of N. californicus was found at the 
end of the assay and this may be indicative of a preference of E. stipulatus for the immature 
stages of the former species. In this case, the difficulties encountered by E. stipulatus to cope 
with the web produced by T. urticae (Shimoda et al. 2009) may explain a preference for the 
immature stages of heterospecific phytoseiids. 
The comparison of the results obtained in the trophic chain and the sequential release treatments 
during the first week after the release of the first predator species (Table 5) reveals the 
occurrence of some type of intraspecific interference, either competition or cannibalism, 
resulting in lower efficacies for release numbers above a certain threshold at summer climate 
change conditions. This result should be taken into account in future management tactics 
exploiting augmentative biological control, as it may be relevant for the calculation of the 
numbers of these predators necessary for release in citrus orchards (Abad-Moyano et al. 2010b, 
a). 
In general, P. persimilis alone or in combination with the other predators, produced the highest 
efficacies both in spring and summer climate change conditions. Therefore, our results reinforce 
the idea that this is the key species to maintain in the system to ensure natural regulation of T. 
urticae populations in clementines (Aguilar-Fenollosa et al., 2011b). Nevertheless, some 
authors (Skirvin and Fenlon 2003; Walzer et al. 2007), consider this T. urticae specialist a 
suitable predator until 25ºC but not at higher temperatures. The use of a local strain of P. 
persimilis presumably adapted to prevailing climatic conditions in clementine orchards may 
explain our results, which highlights the importance of locally adapted natural enemies to cope 
with climate change (Aguilar-Fenollosa and Jacas 2014). To further confirm this hypothesis, it 
would be important to test a local strain of N. californicus occurring in clementines.  
One striking result of our experiments is that in almost half of the combinations including N. 
californicus and one third of those including E. stipulatus, we could not recover any motile at 
the end of the assay whereas this situation was never encountered for P. persimilis (Table 1). 
Even though we assume that our samplings were representative of the abundance of these 
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predators in our trees, we cannot exclude some circadian rhythms occurring in this system, 
which may have hindered the estimation of their real abundance (Pérez-Sayas et al. 2015). 
Moreover, as N. californicus is prone to seek refuge in citrus branches and trunks (Pérez-Sayas 
et al. 2017), the results of the number phytoseiids recovered at the end of our assays should be 
taken with caution and, if possible, further assays digging on the same issue should consider not 
only the sampling of leaves but also branches and/or different times.  
To sum up, our results are indicative that climate change may actually disrupt existing natural 
regulation of T. urticae in citrus, especially in increasingly hotter and drier summers. Further 
laboratory research under controlled conditions could help explain some of the results obtained. 
This will allow a better prediction of future outcomes of the interactions considered in this study 
and also the design of fit-for-purpose tactics for the effective future management of this pest, 
ideally aimed at maintaining phytoseiid diversity which guarantees natural regulation of this 
pest. 
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Figure 1. Hourly (grey line) and daily (black line) mean temperature and relative humidity 
during the spring (May 7 to 31) and summer (July 5 to 28) assays inside and outside the cages. 
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Figure 2. Density of T. urticae adult females on clementine plants in spring (left) and summer 
(right). In addition to a control with no phytoseiids, three treatments were considered: the 
phytoseiids E. stipulatus (Es), N. californicus (Nc) and P. persimilis (Pp) were released either 
singly (trophic chain; fig. 2a and 2b), simultaneously (competition; fig. 2c and 2d), or 
sequentially one week apart (sequential release; fig. 2e to 2j). In all cases, 10 T. urticae adult 
females were released at the beginning of the assay. One week later 10 adult phytoseiid females 
were released in the tropic chain (one single species) and competition (two species: 5 specimens 
per species) treatments, whereas in the sequential release treatment, five females were 
introduced at that date, and 5 additional specimens of a second species one week later. Arrows 
represent the introduction dates for phytoseiids. A lower development threshold of 10.45ºC 
(Bounfour and Tanigoshi, 2001) was set for the calculation of the degree days (DD), which are 
represented in the x-axis. Dots represent the measured values as lines, the GLMM fitted. Lines 




























Table 1. Number of adult females and motile immature stages (in brackets) recovered at the end of the assay for each treatment in spring and summer. 
Treatment 
Spring Summer 
E. stipulatus  
(Es) 




E. stipulatus  
(Es) 















Es 1 (5) - - 1 (2) - - 
Nc - - 1 (4) - - 2 (6) 










EsNc 1 (0) - 0 (0) 0 (0) - 0 (0) 
NcPp - 3 (0) 0 (0) - 10 (4) 2 (5) 












NcEs* 0 (1) - 0 (1) 5 (0) - 1 (0) 
EsNc* 0 (0) - 0 (0) 3 (4) - 5 (6) 
PpNc - 2 (0) 0 (0) - 10 (0) 2 (2) 
NcPp - 1 (0) 0 (0) - 4 (0) 3 (0) 
EsPp 0 (0) 8 (4) - 0 (2) 5 (2) - 
PpEs 0 (1) 1 (0) - 1 (0) 2 (0) - 
Grand Total 3 (7) 21 (9) 1 (5) 12 (9) 47 (17) 15 (18) 
*The number of immature motile stages found was distributed between species based on the proportion of adult females found 
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Table 2. Statistics (F; df; P-value) of GLMM adjusted to T. urticae density, as well as those 














Model  11.88; 25; < 0.001 
Season 30.99; 1; < 0.001 
Season * Treatment 11.07; 24; < 0.001 
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Table 3. Statistics (F; df; P-value) of the GLMM adjusted to T. urticae density in spring and 
summer, as well as those corresponding to the factor treatment and its interaction with time. 





Model  4.43; 90; < 0.001 12.82; 90; < 0.001 
Treatment 15.65; 12;  < 0.001 36.45; 12;  < 0.001 





Table 4. Results of the pairwise comparisons of the GLMM adjusted to the density of T. 
urticae corresponding to different treatments in spring and summer. The treatments consisted 
of the release of the phytoseiids E. stipulatus (Es), N. californicus (Nc) and P. persimilis (Pp) 
either singly (trophic chain), simultaneously (competition), or sequentially one week apart 
(sequential release). 
 
Treatment Spring Summer 











Es d ab 
Nc c f 










EsNc c a 
NcPp c b 












NcEs b c 
EsNc cf def 
PpNc c f 
NcPp c def 
EsPp c d 
PpEs ef def 
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Table 5. Cumulative Mite Days (CMD) and percentage reduction of T. urticae density (mean ± SE) compared with control (no phytoseiid release) in spring 
and summer. The phytoseiids E. stipulatus (Es), N. californicus (Nc) and P. persimilis (Pp) were released either singly (trophic chain), simultaneously 
(competition), or sequentially one week apart (sequential release). Spring and summer values were compared using a t-test. For each season, CMD and 
percentage reductions followed by the same letter are not significantly different (Bonferroni post hoc test at P < 0.05). 
Treatment 
Spring Summer Spring vs. Summer (t; P-value) 
CMD Reduction CMD Reduction CMD Reduction 











Es 671.8 ± 41.5 d 60.7 ± 6.1 b 2684.5 ± 44.6  a 0 d 11.82; < 0.001 9.36; < 0.001 
Nc 764.4 ± 89.2 d 51.6 ± 9.3 bc 63.5 ± 6.5 f 96.7 ± 1.9 a 1.95; < 0.001 2.23; < 0.001 










EsNc 727.4 ± 64.8 d 60.6 ± 8.0 b 2156.3 ± 67.6 b 20.10 ± 10.0 c 5.47; < 0.001 2.69; < 0.001 
NcPp 1012.7 ± 61.8 c 43.6 ± 8.8 c 2208.1 ± 105.3 b 16.3 ± 4.5 c 1.99; < 0.001 1.12; < 0.001 













NcEs 1382.5 ± 79.1 b 16.3 ± 7.4 d 2149.5 ± 52.7 b 10.8 ± 7.6 c 2.89; 0.020 0.62; 0.457 
EsNc 704.9 ± 50.9 d 56.3 ± 8.6 bc 304.4 ± 71.9 d 86.9 ± 2.6 b 2.45; 0.040 2.61; < 0.001 
PpNc 649.6 ± 61.3 d 66.0 ± 7.6 ab 226.1 ± 34.0 d 90.1 ± 3.8 a 2.16; 0.003 2.92; 0.019 
NcPp 634.7 ± 60.8 d 62.3 ± 7.5 ab 424.3 ± 51.5 c 83.4 ± 14.8 b 0.95; 0.372 1.95; 0.084 
EsPp 773.9 ± 59.3 d 53.8 ± 5.4 bc 716.2 ± 14.3 c 71.8 ± 9.7 b 0.24; 0.815 1.41; < 0.001 
PpEs 456.3 ± 22.1 e 77.1 ± 3.8 a 291.6 ± 10.8 d 87.61 ± 6.8 b 11.83; < 0.001 3.18; 0.024 
Statistics 
AIC 960.77 754.32 1045.07 896.35   
F; df; P 52.68; 12; < 0.001 68.56; 11; < 0.001 83.07; 12; < 0.001 124.93; 11; < 0.001   
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Table 6. Densities of T. urticae (individuals per plant) during the first three sampling dates in spring and summer. The first date per season coincides with the 
release of either 10 (trophic chain) or 5 (sequential release) individuals of one phytoseiid species per plant. The third date per season corresponds to the release 
of a second species in the sequential release treatments. Therefore, in between these two dates, the effects of either 10 or 5 individuals of one phytoseiid 
species on T. urticae density were measured. The phytoseiids were E. stipulatus (Es), N. californicus (Nc) and P. persimilis (Pp). Within each treatment and 
sampling date, values followed by the same letter are not significantly different (Bonferroni post-hoc test at P < 0.05). 
Treatments 
Spring sampling date (DD) Summer sampling date (DD) 
118 (1
st
 release) 164 233 (2
nd
 release) 164 (1
st





12.9 ± 4.5 44.8 ± 13.6 114.4 ± 7.3 13.5 ± 9.2 89.6 ± 16.0 325.1 ± 47.6 
Es trophic chain 14.5 ± 3.4 a 35.8 ± 8.1 a 23.5 ± 4.4 c 20.3 ± 3.7 a 53.9 ± 6.1 b 297.4 ± 22.6 a 
EsNc sequential 18.7 ± 3.5 a 32.5 ± 5.5 a 42.8 ± 8.8 b 17.1 ± 1.6 a 26.3 ± 8.3 c 114.8 ± 26.3 b 
EsPp sequential 16.1 ± 1.5 a 28.3 ± 6.9 a 50.7 ± 8.3 b 26.3 ± 6.5 a 31.1 ± 6.1 c 129.6 ± 24.8 b 
Control a a a a a a 
Nc trophic chain 17.3 ± 7.4 a 45.6 ± 13.6 a 56.8 ± 19.8 b 21.7 ± 3.1 a 35.7 ± 8.1 b 22.11 ± 6.2 c 
NcEs sequential 21.5 ± 3.4 a 40.6 ± 6.5 a 72.2 ± 6.9 b 14.7 ± 2.3 a 24.1 ± 0.8 c 53.6 ± 8.3 b 
NcPp sequential 31.8 ± 6.5 a 35.7 ± 4.2 a 73.9 ± 9.9 b 20.1 ±4.5 a 24.6 ± 5.7 c 64.15 ± 11.3 b 
Control a a a a a a 
Pp trophic chain 20.1 ± 3.1 a 33.5 ± 6.9 a 40.8 ± 11.1 b 22.6 ± 4.6 a 36.6 ± 3.5 b 16.8 ± 3.8 c 
PpEs sequential 17.5 ± 1.5 a 24.9 ± 5.6 a 38.8 ± 1.7 b 16.1 ± 2.2 a 24.4 ± 1.5 c 34.3 ± 8.7 b 
PpNc sequential 24.5 ± 2.7 a 27.6 ± 4.2 a 42.3 ± 5.2 b 17.3 ± 1.1 a 23.6 ± 2.9 c 36.8 ± 2.8 b 
Control a a a a a a 
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Table 7. Tetranychus urticae preoviposition, oviposition, and postoviposition periods, development time, and life span (in days, d, and degree-days, DD, 
mean ± standard error), at mild (25ºC and 70 % RH) and hot-dry (30ºC and 50% RH) laboratory conditions. For each parameter and unit, comparisons were 






Oviposition period Post-oviposition period Development time Lifespan 
d DD d DD d DD d DD d DD 
Mild 








1.89 ±  
0.02 



















2.53 ±  
0.02 
37.07 ±  
0.34 

































Table 8. Tetranychus urticae egg hatching (%), immature survival (%), sex ratio (% females), 
fecundity (# eggs), and oviposition rate (eggs d
-1
) at mild (25ºC and 70 % RH) and hot-dry 









Sex ratio Fecundity 
Oviposition 
rate 
Mild 95.9 ± 0.1 76.3 ± 2.1 81.4 ± 0.2 32.8 ± 0.2 2.2 ± 0.1 
Hot-dry 98.9 ± 0.1 78.5 ± 1.1 83.5 ± 0.1 29.6 ± 0.2 3.0 ± 0.1 
t ; P * 3.37; 0.001 0.53; 0.606 1.47; 0.148 2.72; 0.027 6.55; <0.001 







Table 9. Selected life history parameters of T. urticae: net fecundity (female eggs per female), 
generation time (in days, d, and degree-days, DD), intrinsic rate of increase (rm, females per 
female per either day, d, or degree-day, DD) when exposed to mild (25ºC and 70 % RH) and 
hot-dry (30ºC and 50% RH) laboratory conditions. For each parameter and unit, comparisons 











Mild 26.55 ± 0.12 13.36 ± 0.06 194.42 ± 0.82 0.169 ± 0.001 0.011 ± 0.001 
Hot-dry 24.84 ± 0.21 9.04 ± 0.02 176.77 ± 0.45 0.219 ± 0.001 0.011 ± 0.001 
t ; P * 1.45; 0.154 12.73; <0.001 3.44; 0.001 12.54; <0.001 1.36; 0.185  
*degrees of freedom (df) were 53 in all cases 
 
 
 
